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Abstract 

Ndo.6Sro.4Coi_vMnv03_s  (0<y  <  1.0)  oxides  have  been  investigated  as  cathode  materials  for  intermediate  temperature  solid  oxide  fuel  cells 
(SOFC).  The  samples  form  a  single-phase  solid  solution  with  an  orthorhombic  perovskite  structure  and  the  lattice  parameters  and  volume  increase 
with  increasing  Mn  content  y.  The  degree  of  oxygen  loss  at  high  temperatures  and  the  thermal  expansion  coefficient  (TEC)  decrease  with  increasing 
y  due  to  a  stronger  Mn— O  bond.  The  electrical  conductivity  decreases  with  y  and  the  system  exhibits  a  metal  to  semiconductor  transition  at  around 
y  =  0.2.  The  electrocatalytic  activity  and  power  density  measured  with  single  cell  SOFC  decrease  with  increasing  y  due  to  a  decrease  in  oxygen 
exchange  and  mobility  as  well  as  charge  transfer  kinetics,  arising  from  a  decrease  in  the  oxide  ion  vacancy  concentration  and  electrical  conductivity. 
©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Solid  oxide  fuel  cells  (SOFC)  offer  an  important  advantage 
of  using  hydrocarbon  fuels  directly  without  requiring  exter¬ 
nal  reforming  to  produce  hydrogen  compared  to  the  proton 
exchange  membrane  fuel  cells  (PEMFC).  They  also  employ 
less  expensive  ceramic  oxide  electrocatalysts  without  requiring 
the  expensive  and  scarcely  available  platinum-based  electro¬ 
catalysts.  However,  the  usual  operating  temperature  of  around 
1000°C  with  the  zirconia-based  electrolytes  leads  to  a  limited 
choice  of  interconnect  and  cathode  materials,  thermal  expan¬ 
sion  mismatch,  and  chemical  reactivity  among  the  components 
[1,2].  These  difficulties  have  generated  enormous  interest  in 
lowering  the  operating  temperature  to  an  intermediate  range 
of  500-800  °C.  However,  the  major  issue  with  the  intermedi¬ 
ate  temperature  SOFC  is  the  decrease  in  catalytic  activity  of  the 
cathode  for  the  oxygen  reduction  reaction  [3]. 

Recently,  the  Sr-doped  lanthanum  cobaltates  (Ln  |  _ASrt- 
C0O3 -s)  have  been  intensively  investigated  as  cathode  mate¬ 
rials  for  intermediate  temperature  SOFC  because  of  their  high 
electronic  and  oxide  ion  conductivities  [4-6],  Lai_vSrvCo03_3, 
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however,  exhibits  a  large  thermal  expansion  coefficient  (TEC). 
A  replacement  of  La  by  smaller  lanthanides  could  lower  the  TEC 
due  to  the  decrease  in  the  ionicity  of  the  Ln— O  bond  [7] .  Accord¬ 
ingly,  other  Sr-doped  lanthanide  cobaltates  Ln  1  _ASrACoC)3_(5 
(Ln  =  Pr,  Nd,  Sm,  and  Gd)  have  been  investigated  as  cathode 
materials  for  intermediate  temperature  SOFC  [8-13]. 

We  showed  recently  that  the  x  =  0.4  composition  in  the  system 
Ndi_vSrvCo03_3  shows  the  highest  catalytic  activity  without 
encountering  any  interfacial  reaction  with  the  electrolyte  [14]. 
Although  the  catalytic  activity  observed  at  the  intermediate 
temperatures  is  satisfactory,  the  TEC  of  Ndo.iySriuCoO^-;?  is 
still  high.  With  an  aim  to  lower  the  TEC,  we  focus  here  on 
the  substitution  of  Mn  for  Co  and  a  characterization  of  the 
Ndo  6Sro.4Coi_vMnv03_3  (0<y<  1.0)  cathodes.  The  effect  of 
Mn  content  on  the  crystal  chemistry,  thermal  expansion,  electri¬ 
cal  conductivity  and  electrochemical  performance  in  single  cell 
SOFC  is  presented. 

2.  Experimental 

The  Ndo.6Sro.4Coi_yMnv03_3  (0<y<1.0)  compositions 
were  synthesized  by  firing  required  amounts  of  Nd203,  SrC03, 
C03O4  and  Mn203  in  air  at  900  °C  for  12h,  followed  by 
grinding,  pressing  into  pellets  and  sintering  at  1300  °C  for 
24  h.  The  sintering  at  1300  °C  was  repeated  after  regrinding 
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and  repelletizing  to  improve  the  product  homogeneity.  The 
Lao.8Sro.2Gao.8Mgo.202.8  (LSGM)  electrolyte  was  prepared 
by  bring  required  amounts  of  La203,  SrC03,  Ga203  and 
MgO  at  1100°C  for  5h.  followed  by  pelletizing  and  sin¬ 
tering  at  1500°C  for  lOh.  NiO-Ceo.9Gdo.1Oi.95  (GDC)  cer¬ 
met  (Ni:GDC  =  70:30  vol%)  anode  was  synthesized  by  the 
glycine-nitrate  combustion  method  [15]. 

The  products  were  characterized  by  X-ray  diffraction  and 
the  lattice  parameters  were  obtained  by  analyzing  the  X-ray 
diffraction  data  with  the  Rietveld  method.  BET  surface  area 
was  measured  by  a  Quantachrom  Autosorb-1  surface  area  and 
pore  size  analyzer.  Thermogravimetric  analysis  (TGA)  and  ther¬ 
mal  expansion  data  were  obtained  with  a  Perkin-Elmer  Series 
7  thermal  analysis  system.  TGA  experiments  were  carried  out 
from  room  temperature  to  1000  °C  in  air  with  a  heating  rate 
of  2°Cmin-1  and  a  cooling  rate  of  10°Cmin-1.  The  TECs 
of  sintered  samples  were  measured  from  room  temperature  to 
700  °C  with  a  heating/cooling  rate  of  5  °C  min- 1 .  The  electrical 
conductivity  was  measured  by  a  four-probe  dc  method  in  the 
temperature  range  of  200-900  °C.  All  the  samples  used  for  con¬ 
ductivity  and  thermal  expansion  measurements  had  densities  of 
>95%  of  theoretical  values. 

Electrochemical  performance  ( I-V)  measurements  were 
carried  out  with  single  cells  consisting  of  the  Ndo.6Sro.4- 
C()i_vMnv03_3  cathode,  LSGM  electrolyte  and  NiO-GDC  cer¬ 
met  anode  at  800  °C  using  a  three  electrode  conhguration, 
which  allowed  the  separation  and  monitoring  of  cathode  over¬ 
potentials  during  cell  operation.  Pt  paste  was  used  as  the  refer¬ 
ence  electrode  on  the  cathode  side.  Fig.  1  shows  the  schematic 


conhguration  of  the  test  cell.  The  N do . S ro. 4 C o  1  _VM nv O3 _ 3 
cathodes  and  NiO-GDC  cermet  anode  were  prepared  by  screen 
printing  onto  1 .0  mm  thick  LSGM  electrolyte  pellet,  followed 
by  bring  for  3h  at  1100°C  for  the  cathode  and  1200  °C  for 
the  anode.  The  geometrical  area  of  the  electrode  was  0.25  cm2. 
Humidibed  PE  (~3%  H2O  at  30  °C)  and  air  were  supplied 
as  fuel  and  oxidant,  respectively,  at  a  rate  of  100  cm3  min-1. 
AC  impedance  measurements  were  carried  out  with  a  poten- 
tiostat  using  a  three  electrode  conhguration  in  air.  The  test 
cell  geometry  and  conhguration  were  same  as  that  used  for 
the  single  cell  performance  test.  Pt  paste  was  used  as  both  the 
counter  and  reference  electrodes.  The  applied  frequency  was 
in  the  range  of  0.5  mHz  to  1  MHz  with  a  voltage  amplitude  of 
10  mV. 


3.  Results  and  discussion 

The  X-ray  diffraction  patterns  of  the  NdoeSi'o.aCoi-y 
MnvC>3_,5  samples  shown  in  Fig.  2  indicate  that  a  single-phase 
solid  solution  is  formed  for  the  entire  range  of  0  <y  <  1.0. 
The  patterns  could  be  indexed  on  the  basis  of  an  orthorhombic 
perovskite  (GdFe03  type)  structure,  and  the  lattice  parameters 
and  average  crystallite  size  values  are  summarized  in  Table  1 
along  with  the  BET  surface  area.  The  data  indicate  that  the 
lattice  parameters  and  the  lattice  volume  increase  with  increas¬ 
ing  Mn  content  y  due  to  the  replacement  of  the  smaller  Co3+ 
(r  =  0.545  A)  ions  by  the  larger  Mn3+  (/-  =  0.645  A)  ions  [16]. 
This  trend  is  similar  to  that  reported  previously  by  Phillipps  et 
al.  [17]  for  the  analogous  Gdi_vAvCoi_vMnv03  (A  =  Sr  and 
Ca)  system. 
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Fig.  1.  Schematic  configuration  of  the  test  single  cell:  (a)  top  view  and  (b)  Fig.  2.  X-ray  powder  diffraction  patterns  of  Ndo.6Sro.4C01_yMnyO3.-s  sintered 
cross-sectional  view.  at  1 300  °C  for  24  h. 
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Table  1 

Crystal  chemistry  data,  BET  surface  area  and  average  crystallite  size  of  Ndo^Sro^Coi-yMn^Os-s 


.V 

a  (A) 

b(  A) 

c(  A) 

Lattice  volume  (A3 ) 

BET  surface  area  (m2  g  *) 

Average  crystallite  sizea  (A) 

0 

5.3626(5) 

5.4111(4) 

7.5859(8) 

220.1 

3.98 

478 

0.1 

5.3632(4) 

5.4127(4) 

7.5872(6) 

220.3 

4.25 

455 

0.2 

5.3677(4) 

5.4163(4) 

7.5922(6) 

220.7 

3.11 

523 

0.3 

5.3691(4) 

5.4169(4) 

7.5955(6) 

220.9 

4.12 

461 

0.4 

5.3757(4) 

5.4219(3) 

7.6042(5) 

221.6 

3.55 

511 

0.5 

5.3839(4) 

5  4287(3) 

7.6139(5) 

222.5 

3.81 

494 

1.0 

5.4310(5) 

5.4656(4) 

7.6641(6) 

227.5 

3.02 

527 

a  The  average  crystallite  size  was  estimated  from  the  line  broadening  of  the  XRD  peaks. 


TGA  plots  of  the  samples  are  shown  in  Fig.  3  for  various 
y  values.  The  samples  exhibited  good  reversibility  during  the 
heating-cooling  cycles  in  TGA,  indicating  that  the  observed 
weight  loss  during  heating  is  due  to  the  loss  of  oxygen  from 
the  lattice.  The  degree  of  oxygen  loss  decreases  with  increas¬ 
ing  Mn  content  similar  to  that  found  before  by  us  with  Fe 
doping  in  NdogSry^Co i __vFevC>3_3  [18],  suggesting  a  stronger 
binding  of  the  oxygen  to  the  lattice  with  increasing  Mn  con¬ 
tent.  While  the  end  member  Ndo^Sro^CoCT-,)  begins  to  exhibit 
weight  loss  at  temperatures  as  low  as  400  °C,  the  end  member 
Ndo.6Sro.4Mn03  does  not  exhibit  any  detectable  weight  loss  to 
temperatures  as  high  as  1000  °C.  The  observation  is  consistent 
with  the  suggestion  of  Steele  [19]  that  perovskite  oxides  with 
Fe3+  and  Mn3+  ions  are  thermally  more  stable  than  those  with 
Co3+  ions.  Moreover,  the  variations  of  oxygen  content  (3  —  5) 
with  p02  exhibit  a  plateau  at  <5  =  0.5a:  for  Lai_ASrAMn03_,5  over 
a  wide  range  of  p02,  while  the  La]_ASrACo03_3  system  shows 
no  such  plateaus  [20,21].  This  implies  a  greater  tendency  for 
oxygen  non-stoichiometry  in  the  case  of  cobaltates  compared  to 
the  manganates. 

The  thermal  expansion  behaviors  of  N do/, S nuCo  i  _  v  M nv- 
03_3  at  50-700  °C  in  air  are  shown  in  Fig.  4a.  The  non-linear 
thermal  expansion  behavior  could  be  fitted  with  a  fourth  poly¬ 
nomial  regression  [22,23].  The  average  TEC  values  obtained  by 
the  fitting  are  plotted  as  a  function  of  Mn  content  y  in  Fig.  4b.  The 
TEC  value  decreases  with  increasing  Mn  content  similar  to  that 
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Fig.  3.  TGA  plots  of  Ndo  ^Sro^Coi _vMnvOw^  recorded  in  air  with  a  heating 
rate  of  2°Cmin~1 . 
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Fig.  4.  Thermal  expansion  behaviors  of  Ndo.6  S  nu Co  i  _v  M nv C>3_s  in  air:  (a) 
thermal  expansion  (  AL/Lq  )  curves  as  a  function  of  temperature  and  (b)  variation 
of  the  average  thermal  expansion  coefficients  (o?av)  with  Mn  content  y  in  the 
temperature  range  of  50-700  °C. 
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found  with  Fe  doping  [18].  A  similar  trend  has  been  observed 
for  the  analogous  Gd  i  _aAaCo  i  -vMnvOi  (A  =  Sr  and  Ca)  system 
before  [17].  The  larger  TEC  for  the  cobaltates  can  be  attributed 
to  the  following  two  factors:  (i)  electronic  transition  from  the 
low  spin  Co111  state  ^t^ej^  to  the  high  spin  Co3+  state  ^t4ge2^j 

that  is  accompanied  by  an  increase  in  ionic  radius  from  0.545  A 
(low  spin)  to  0.6 1  A  (high  spin)  [24]  and  (ii)  formation  of  oxygen 
vacancies  that  results  in  a  decrease  in  the  formal  oxidation  state 
of  the  transition  metal  ion  and  a  consequent  increase  in  ionic 
size  [25].  Therefore,  the  decrease  in  TEC  with  Mn  doping  could 
be  understood  to  be  due  to  a  decrease  in  the  Co3+  content  and 
a  consequent  suppression  of  both  the  spin  state  transitions  and 
formation  of  oxygen  vacancies  as  revealed  by  the  TGA  data  in 
Fig.  3. 

The  temperature  dependence  of  the  electrical  conductivity  of 
the  Ndo.6Sro.4Coi_vMnv03_,5  samples  is  shown  in  Fig.  5.  The 
decrease  in  conductivity  observed  at  higher  temperatures  for 
the  cobalt-rich  compositions  could  be  due  to  the  formation  of 
significant  amount  of  oxide  ion  vacancies  at  higher  temperatures 
as  indicated  by  the  TGA  data  (Fig.  3).  The  formation  of  oxide  ion 
vacancies  can  cause  a  decrease  in  electrical  conductivity  due  to  a 
decrease  in  the  charge  carrier  concentration  and  the  perturbation 
of  the  periodic  potential  of  the  O— (Co,Mn)— O  network. 

At  a  given  temperature,  the  electrical  conductivity  decreases 
with  increasing  Mn  content  similar  to  that  found  with  Fe 
doping  [18].  The  Ndo.eSro^Coi-j.MnvOs-a  perovskite  oxides 
are  mixed  hopping  conductors  with  more  than  one  type  of 
transition  metal  ion  and  the  charge  compensation  on  replac¬ 
ing  Nd3+  by  Sr2+  can  occur  by  the  formation  of  Co4+  or 
Mn4+  or  both.  Tai  et  al.  [26]  and  Kostogloudis  et  al.  [27] 


Fig.  5.  Variations  of  the  electrical  conductivity  measured  in  air  of  Ndo.6 
Sro.4Coi_yMnv03_5  with  temperature  for  various  values  of  y. 


have  reported  that  the  electronic  charge  compensation  occurs 
preferentially  by  the  formation  of  Fe4+  and  Mn4+  rather  than 
Co4+  in  Lai_vSrYCoi_vFev03_,5  and  Pri_vSrvCoi_vMnv03_a, 
respectively.  This  suggests  that  a  preferential  electronic  charge 
compensation  of  Mn3+  — >  Mn4+  over  that  of  Co3+  — >■  Co4+ 
could  also  take  place  in  the  Ndo.6Sro.4Coi_-yMnv03_^  sys¬ 
tem.  Thus,  the  preferential  formation  of  Mn4+  and  an  increase 
in  the  electron  localization  due  to  the  decreased  covalency 
of  the  Mn4+— O  bond  compared  to  the  Co4+— O  bond  result 
in  a  decrease  in  the  electrical  conductivity  with  increasing 
Mn  content. 

The  Ndo.6Sro.4Coi_-jMnv03_a  system  exhibits  a  metal 
to  semiconductor  transition  around  y  =  0.2,  which  could  be 
explained  by  considering  the  changes  in  the  structural  param¬ 
eters  as  in  the  Ndi_ASrACo03_,s  system  described  previously 
[  14] .  The  end  member  N  d  o .  r,  S  r  o .  4  C  o  O  3  _  a is  a  metallic  conduc¬ 
tor  with  a  large  bandwidth  and  no  charge  transfer  gap  between 
the  Co3+/4+:3d  and  the  top  of  the  02_:2p  bands.  The  substitu¬ 
tion  of  a  larger  Mn3+  for  Co3+  causes  a  decrease  in  the  tolerance 
factor  t  and  a  bending  of  the  O— (Co,Mn)— O  bond  (decrease 
in  bond  angle  below  180°),  which  results  in  a  decrease  in 
the  bandwidth.  This  together  with  a  lying  of  the  Mm1+/4+:3d 
band  above  the  Co3+/4+:3d  band  leads  to  an  opening  of  the 
charge  transfer  gap  and  a  consequent  metal  to  semiconductor 
transition. 

The  electrochemical  performance  of  the  cathode  could  be 
affected  by  the  microstructure  as  well  as  the  kinetics  of  oxy¬ 
gen  exchange  and  diffusion.  The  BET  surface  area  and  the 
average  crystallite  size  of  the  cathode  powders  do  not  vary  sig¬ 
nificantly  as  listed  in  Table  1,  and  therefore  influence  of  the 
geometrical  morphology  of  the  prepared  powders  on  electro¬ 
chemical  performance  could  be  neglected  in  this  study.  The 
firing  temperature  of  the  cathode-electrolyte  assembly  could 


z'(o) 


Fig.  6.  AC  impedance  spectra  recorded  at  800  °C  in  air  of  the  Ndo.6Sro.4 
Coo.8Mno.203_5  cathode-LSGM  electrolyte  assembly  after  firing  at  various 
temperatures  for  3  h. 
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also  affect  the  interface,  microstructure  and  the  electrochemical 
performance.  In  order  to  optimize  the  interfacial  and  microstruc- 
tural  characteristics,  AC  impedance  spectroscopic  as  well  as 
SEM  data  were  collected  after  firing  the  cathode-electrolyte 
assemblies  at  various  temperatures.  The  AC  impedance  spec- 


Fig.  7.  SEM  micrographs  of  the  Ndo.6Sro.4Coo.8Mno.203_5  cathode-LSGM 
electrolyte  assembly  after  firing  at  (a)  1000  °C,  (b)  1100°C  and  (c)  1200  °C 
for  3  h. 


tra  of  the  Ndo.6Sro.4Coo.8Mno.203_5  cathodes  at  800  °C  after 
firing  at  various  temperatures  for  3  h  are  shown  in  Fig.  6.  The 
cathode-electrolyte  assembly  fired  at  1000  °C  shows  a  signif¬ 
icantly  high  polarization  resistance  due  to  the  poor  interfacial 
contact  at  the  low  firing  temperature.  As  seen  in  Fig.  7,  the 
assembly  fired  at  1000°C  shows  only  point  contacts  between 
particles  and  poor  adhesion  between  the  cathode  and  elec¬ 
trolyte.  On  the  other  hand,  the  assemblies  fired  at  1100  and 
1200  °C  show  area  contact  between  particles  and  good  adhesion 
between  the  cathode  and  electrolyte,  which  lead  to  low  charge 
transfer  resistance.  Although  the  assembly  fired  at  1200  °C 
shows  the  lowest  polarization  resistance,  it  could  not  be  con¬ 
sidered  as  the  optimum  firing  temperature  due  to  the  forma¬ 
tion  of  new  reaction  products  on  firing  the  cathode-electrolyte 
mixture  at  1200  °C  (Fig.  8).  Therefore,  all  cathode-electrolyte 
assemblies  for  single  cell  tests  were  fired  at  1100°C 
for  3  h. 

The  variations  of  the  power  density  and  the  over¬ 
potential  with  current  density  at  800  °C  for  the  various 
Ndo.6Sro.4Coi_vMnv03_3  cathode  compositions  are  shown  in 
Fig.  9.  The  power  density  decreases  and  the  over-potential 
increases  with  increasing  Mn  content.  Oxygen  reduction  at  a 
porous  cathode  is  limited  not  only  by  the  charge  transfer  and 
the  adsorption/dissociation  of  oxygen  on  cathode  surface,  but 
also  by  the  transport  of  oxide  ions  through  the  cathode  bulk 
and  across  the  cathode/electrolyte  interface.  Therefore,  cath¬ 
ode  over-potential  is  closely  related  to  the  kinetics  of  oxygen 
exchange  and  diffusion  in  cathode  materials  as  well  as  the  elec¬ 
tronic  conductivity.  Both  the  concentration  of  oxide  ion  vacan¬ 
cies  and  electrical  conductivity  decrease  with  increasing  Mn 


Fig.  8.  X-ray  powder  diffraction  patterns  recorded  after  heating  the 
Ndo.6Sro.4Coo.8Mno.203_5  cathode  and  the  LSGM  electrolyte  powders  at  vari¬ 
ous  temperatures  for  3  h. 
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(a)  Current  density  (A/cm2) 


(b)  Current  density  (A/cm2) 

Fig.  9.  Electrochemical  performance  data  of  the  Ndo.6Sro.4Coi_vMnv 
03-s/LSGM/Ni-GDC  single  cells  at  800  °C:  variations  of  (a)  the  I-V  curve 
(closed  symbols)  and  power  density  (open  symbols)  and  (b)  cathode  over¬ 
potential. 


doping  as  evident  from  the  data  in  Figs.  3  and  5.  Gao  et  al.  [28] 
have  reported  that  high  oxide  ion  vacancy  concentration  in  the 
surface  of  the  cathode  could  improve  the  dissociation  of  oxy¬ 
gen  molecule  02(ad)  into  atomic  oxygen  Oad-  It  has  also  been 
reported  that  the  oxygen  self-diffusion  coefficients  in  the  man- 
ganates  are  several  orders  of  magnitude  lower  than  those  in  the 
cobaltates  and  the  activation  energies  for  oxygen  self-diffusion 
are  considerably  higher  in  the  manganates  compared  to  that  in 
the  cobaltates  [29].  Thus,  the  decreasing  oxide  ion  vacancy  con¬ 
centration  and  electrical  conductivity  with  Mn  doping  appear  to 
decrease  the  oxygen  exchange  and  the  transport  speed  of  oxide 
ions  as  well  as  the  charge  transfer,  leading  to  a  decrease  in  the 
electrochemical  performance. 


4.  Conclusions 

The  Ndo.6Sro.4Coi_vMnv03_,5  (0<y  <  1.0)  system  has  been 
investigated  as  a  cathode  material  for  intermediate  temperature 
SOFC  by  characterizing  its  crystal  chemistry,  thermal  expan¬ 
sion,  oxygen  loss  behavior,  electrical  conductivity  and  elec- 
trocatalytic  activity.  Although  the  thermal  expansion  decreases 
favorably  with  Mn  doping,  the  electrocatalytic  activity  also 
decreases  due  to  a  decrease  in  the  oxygen  vacancy  concentration 
and  electrical  conductivity;  the  system  exhibits  a  metal  to  semi¬ 
conductor  transition  around  y  =  0.2.  Thus,  a  trade-off  between 
electrochemical  performance  and  thermal  expansion  may  be 
necessary  to  identify  optimum  cathode  compositions  for  inter¬ 
mediate  temperature  SOFC. 
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